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AQUATIC AND ATMOSPHERIC SIMULATION 

Abstract 

During the last few years, the 
Lawrence Livermore Laboratory has been 
involved in regional and extended scale air 
pollution modeling. Several numerical 
models have been developed for atmos
pheric jtudies. These models contain 

Environmental pollution is a wide
spread and persistent problem. Models 
of the spatial and temporal evolution of 
pollutants — from emission, through 
transport and transformation, to deposi
tion— are becoming increasingly im
portant to public and private groups con
cerned with environmental planning. 

A numerical simulation model, whether 
it is of an atmospheric or aquatic system, 
should be an interpretative bridge which 
permits a description of the distribution 
of a pollutant from its source to receptors 
of interest. The simulation model should 
comprise a physically and chemically 
consistent description of the temporal-
spatial pollutant distribution, including 
the effects of production, transformation, 
and removal mechanisms that occur dur-

methods of solution that are transferable 
n to significant unsolved problems in water 
r pollution. This transferable exparience 

is discussed and illustrated in terms of 
regional scale sediment transport 
problems. 

Atmospheric modeling at the Lawrence 
Livermcre Laboratory has succeeded in 
tracing air pollutants from source to 
receptor. The same kind of modeling can 
be applied to water pollution problems, 
particularly to such problems as channel 
dredging, waste discharges and general 
water quality. 

ing the advective-diffustve transport of 
the pollutant. Once the history of a pol
lutant can be predicted at a receptor, 
there are then many potential applications 
of that information. For example, time 
integrated pollution exposures in the 
atmosphere, or analogously, integrated 
aquatic intakes can be estimated. Numer
ous other applications are possible, the 
choice depending largely on the needs of 
the user. 

Introduction 

The Role of Numerical Simulation Models 
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Aquatic Systems Simulation 

Staff members of the Laboratory 
have made several studies of aquatic 
systems; some of the most pertinent 
studies are 

• WATER WAVE PHENOMENA 
ASSOCIATED WITH 
TECTONIC DISPLACEMENTS 

Water waves generated by tectonic d is 
placements have been numerically simu
late d with a two-dimensional Marker and 
Cell code. The simulation has been vali
dated by hydraulic tank studies with gen
erally good results . The code has btea 
applied to the calculation of water waves 
produced by either explosive sources 
beneath the ocean floor or by fault dis
placements. 

• NUMERICAL SIMULATION OF 
ION-EXCHANGE COLUMNS 

Pulse shape and effluent isotopic time 
history have been numerically simulated 
for one-dimensional ion-exchange col
umns wherein the matrix s ize , the iso
tope, the isotope distribution coefficient, 
and the column length and shape were 

2 
variables. 

• TWO-DIMENSIONAL, TWO-
PHASE FLOW IN HETERO
GENEOUS POROUS MEDIA 

A numerical simulation model for the 
calculettion of two-phase transient flow in 
confined heterogeneous porous media has 
been developed to evaluate gas well pro
duction under a variety of natural or 
altered conditions. 3 

• OCEANIC DIFFUSION IN 
THE MIXED LAYER 

The Laboratory's Lagrangian large 
cloud diffusion code has been applied to 
the transport and diffusion in the oceanic 
mixed layer of a large pulse of trttiatet 
water vapor which, under certain condi
tions, might be injected into the surface 
ocean water from a nuclear debris cloud. 
The code i s based on mean ocean current 
information and estimates of the rate of 
energy dissipation (which are necessary 
for prescription of the horizontal eddy 
diffusivities). The code was used to est i
mate the time and the range at which the 
aquatic pollutant concentrations reached 
recommended maximum permissible con-
centra'ions. Although events of this type 
have not been conducted, the estimates 
a/e close to those of similarity theory. 5 

• ANOMALOUS GROUNDWATER 
MOUNDS ASSOCIATED WITH 
UNDERGROUND NUCLEAR 
DETONATIONS 
A few underground nuclear explosives 

tests in the mid 1960's showed that an 
anomalous groundwater mound may be 
created when the nuclear explosive is 
detonated near or be lo* the -water table. 
The major mechanism for the mound 
development is thought to be the compac
tion of the nearly saturated rock that 
surrounds the explosion. A numerical 
simulation model has been developed to 
calculate the time development of the 
anomalous mound and its associated flow 
regimes. The model was compared to 
well histories and the role which this 
mound flow regime plays in geohydrolog-
ical safety considerations was discussed. 
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Atmospheric Modeling Experience Transferable to Aquatic Systems 

Numerous models were developed 
at the Laboratory for major atmospheric 
simulation studies. In addition to the 
development of important specialized 
models, the combination of several such 
models for the purpose of simulating 
complex systems were required. Dif
ferences between aquatic and atmospheric 
systems are apparent; the fundamental 
equations of fluid mechanics are, however, 
applicable in both cases and important 
processes such as diffusion and deposi
tion have analogs in either system. 
Atmospheric modeling efforts at the Lab
oratory have led to the development of at 
least three numerical capabilities that 
are transferable to aquatic systems s i m 
ulation 

• a hybrid Lagrangian-Eulerian 
transport-diffusion code for accurately 
simulating three-dimensional pollutant 
distributions under srch complex condi
tions as transient stratified shear flow. 

• a meteorological submodel for 
determining a mesoscale mass-consistent 
wind field suitable as input to a regional 
air pollution model. 

• a multibox regional air pollution 
model initially verified for the San Fran
cisco Bay Area. 

A summairy ?f these topics is given 
7 

below. 

ATMOSPHERIC DIFFUSION CODE 

We have developed a hybrid Lagrangian-
Eulerian three-dimensional particle diffu
sion code called ADPIC. It is used to 
calculate the distribution of pollutants 
under many difficult regional scale meteor

ological conditions, including near zero 
winds and transient stratified shear 

a 

flow with complex surface boundaries. 
For a given t ime- and space-dependent 
wind-advection field, the code uses finite 
difference methods to solve the three-
dimensional advection-diffusion equation 
in its conservative form using the pseudo-
velocity technique. The pollutant distri
bution is represented statistically by 
Lagrangian marker particles that are 
transported within the Eulerian grid, 
whose shape in space is determined by 
the surface topography. The present 
version of ADPIC allows the grid to 
travel with the moving cloud center and 
to expand automatically for purposes of 
minimizing calculational time while at the 
same time retaining necessary resolution. 
For fixed continuous point source applica
tions, the source point i s fixed and the 
Lagrangian particles are transported 
through the Eulerian mesh. The t ime-
and space-dependent regional wind field 
must either be known or provided by a 
suitable model external to ADPIC; an 
essential requirement for the specified 
wind field is that it be free of false 
divergences. 

Verification studies of ADPIC com
pare ADPIC solutions to Gaussian plume 
solutions for steady-state unidirectional 
flow and to analytic solutions for puff 

Q 

diffusion in steady-state shear flow. 
Figure 1 shows the ADPIC particle dis
play of the pollutant distribution for this 
latter case. Figures 2 and 3 show the 
profiles in the xy and xz planes, respec
tively. These results definitively i l lus
trate the chief advantage of using a hybrid 
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Fig. 1. Distortion of an initially sphe r i 
cal Gaussian puff under simple 
shear in the X - Z plane. 

Fig. 2. Section A of Fig. 1 (X-Z plane, 
±X direction) showing par t ic le 
concentration p e r ce l l . 

Lagrangian-Euler ian scheme: it e l imi 
nates the fictitious diffusion inherent in a 
pure ly Euler ian method of calculating 
t ranspor t and diffusion. This is largely 
accomplished by using a suitable algo
r i thm for the diffusive t r anspor t . 

Our future r e s e a r c h plans for ADPIC 
include developing the code to incorporate 
scavenging, t ransformation, and deposi
tion p roces se s and applying the code to 
detailed regional ca se s . 

ATMOSPHERIC MASS-CONSISTENT 
WIND FIELD MODEL 

In the past year several significant 
improvements have been made in m a s s -
consistent wind field modeling. Special 
emphasis has been placed on the desc r ip 
tion of the t i m e - and space-dependent 
wind fields in the mixed layer of the San 
Francisco Bay Area , a topographically 
complex region. Modern techniques of 
optimization have been used for de te r 
mining the advective fluxes on cell faces 

x Analytic soli lion 

o ADPIC 

50--

-500 
+ Z—(cm) 

500 

Fig. 3. Section B of Fig. 1 (X-Z plane, 
±Z direction) showing par t ic le 
concentration per cel l . 

in our a i r pollution simulation rr.odel and 
for specifying wind fields for ADPIC. 
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The purpose of the mass-cons is ten t 
wind field submodel is to 

• calculate a flow field that is cons is t 
ent with the kinematic boundary conditions 
of the ea r th ' s surface 

• match the time and space his tory of 
the inversion surface frequently topping 
the mixed layer 

• meet the requirement of conserva
tion of mass in three dimensions 

• fit the observed wind data from NWS 
stations or other auxil iary stations that 
a r e available in the San Franc isco Bay 
A r e a . 1 0 

Figure 4 shows interpolated and unad
justed advective fluxes that have e r r o r s 
of interpolation or other unspecified 
e r r o r s . Because of the lack of t h r e e -
dimensional mass consistency, these 
e r r o r s can lead to a false inc rease or 
dec rease in the concentration of a pollut
ant within a cell by a factor of 10 in a 
3-hr period. The adjusted fluxes (Fig. 5), 

obtained from the mass-cons is tent wind 
field submodel, reduce this e r r o r to 
approximately 10%. 

The mass-cons is tent wind field can be 
used as an input to a i r pollution and 
transport-diffusion models . The former 
involve t ime- and space-var iable a rea 
sources while the lat ter t rea t instantane
ous or continuous emiss ions from a point 
source (e.g., ADPIC). The wind field 
prescr ibed by this submodel can also be 
used as an engineering aid in physically 
distort ing the Gaussian plume solutions 
within a complex region. Useful solu
tions a r e thereby obtained that might. 
otherwise not be available. 

MULTIBOX REGIONAL AIR 
POLLUTION MODEL 

In the past two y e a r s , we have been 
developing numerical simulation models 
of a i r pollution oriented toward land use 
plan assessment . Specifically, we have 

Fig. 4. Interpolated observations of s u r 
face velocity for 1330 PST, 
July 10, 1968 for the San 
Franc isco Bay Area . 

Fig. 5. Weak-constraint adjusted values 
of surface velocity for 1330 PST, 
July 10, 1968 for the San 
Franc isco Bay Area . 



developed and initially verified an a i r 
pollution model for the San Francisco 
Bay Area . ' This model uses h i s to r 
ical meteorological data to calculate the 
mean and surface a i r concentration in 
<-aclr»R-^'!el cel l . These concentrations 
j3ici«k' tfte effect?, of t ranspor t and diffu
sion Vty iht: sa7tbief.\ wjad rield between 
the i r r egu la r ea r th ' s f.urf»ge &?ri the 
t im«" ijurid s p s e v - ^ f i j b t e inveArio.'t sur
face. The aeivKcrivf. flunks ov. the sides, 
of the cel ls a r e calculated b j a m a s s -
consistent wind field s'fttaodel, <fs d i s 
cussed ;.>reviously. The model utilizes; 
the rensss-consistent wind field sublr.ocVl 
and muderii techniques for solving the 
coupled set of ordinary differential equa
tions that fovern the evolution of photo
chemical pollution. 

A verification case study for CO was 
c a r r i e s out fer 5 48-hr tes t period dur
ing July I960., f i gu re 6 shows the 
observed nourly average concentration os 
CO (pprnS during the case study, as well 
as the computed vert ical average and 
surface average hourly CO concentration. 
There is reasonable agreement between 

111 1 1 1—r 
-Lorsen model 

cone 

- Observed surf 
cone 
-Bey area model 

ov cone 

Fig. 

1 10 50 

Frequency — ' 

7. Frequency distribution of carbon 
monoxide concentration for San 
Franc i sco . 

Fig. 5. Carbon monoxide concentrations 
for San Francisco , July 10-11, 
1968. 

*he observed and calculated concentra
tion®. These concentrations can also be 
displayed as a lognormal frequency d i s 
tribution (Fig. 7). Note that the calculated 
frequency distr ibution for CO para l le l s the 
observed frequency distr ibution. 

13 F . A. Gifford has recently noted that 
severa l numerical simulation models 
under development render numerical 
solutions that a r e nois ier than the ob
served dis t r ibut ions. In genera l , a nu
mer i ca l solution contaminated with noise 
will not be able to predict the frequency 
distr ibution of the surface pollutant. 
Therefore , comparisons of predicted f re 
quency distr ibutions to ambient a i r quality-
s tandards may be severe ly l imited. 
Hence one cr i ter ion for an acceptable nu
mer ica l simulation of a i r pollution is that 
the model be able to reproduce the f re 
quency distribution charac te r i s t i c s of the 
pollutants involved in the region of 

14 in te res t . Although the test ing of our a i r 
pollution model is sti l l l imited at the p r e s 
ent t ime, it appears that, at l eas t on the 
f irs t tes t , this cr i ter ion has been met . 



Transferable Experience Illustrated for Sediment Transport 

Atmospheric modeling investigators 
and numerical hydrodynamicists have 
been examining the sediment transport 
problem. We have identified a clear and 
strategic need for two separate attacks 
on the problem: 

• the fate of dredge spoils released 
into transient stratified shear flow 
within an estuarine channel selected 
as a potential spoil disposal site 
must be determined in three dimen
sions. A close-in solution in the 
immediate vicinity of the disposal 
site is required. 

• a three-dimensional sediment trans
port model that can be applied to 
complex estuarine systems (such as 
the San Francisco Bay) for reason
ably extended periods of integration 
must be developed. The fate of nat
ural and man-made sediment loads 
must be determined on a regional 
scale. 

For both of the above tasks, we will first 
describe the physical scenario to be sim
ulated, and then discuss the elements of 
our experience that, when appropriately 
utilized, form a basis for system 
simulation. 

SMALL-SCALE MODELING OF 
DREDGE SPOIL DISPOSAL 

Dredge spoils, when transported to a 
site of disposal, constitute a slurry hav
ing a density of the order of 1.1 to 
1.7 g/cc. When the spoils are released 
into a stratified or partially mixed estu
ary, the density of the released material 
exceeds that of the ambient flow into 
which the material is released. By vir

tue of this density anomaly, once the 
spoils material is waterborne, the fluid 
containing the spoil has a negative buoy
ancy, or if viewed in another way, the 
new hydrostatic pressure that exists will 
set up an induced circulation which trans
ports and dilutes the spoil. This initial 
dilution may occur in either the fresher 
waters near the estuary surface or in the 
more saline waters further beneath the 
surface. During transport by the induced 
circulation, the spoils are also trans
ported by the ambient flow field. Once 
the negative buoyancy is small in compar
ison to density variations resulting from 
salinity, the material is transported by 
the regional flow field alone and becomes 
subject to flocculation or other transfor
mation processes. The flocculated and 
complex sediment component is subject 
to preferential deposition in regions of 
slow or stagnant flow within the estuarine 
system. 

It is proposed that the Eulerian grid 
version of ADPIC be adapted to simulate 
this system. The initial volume and den
sity of the released material can be rep
resented by several thousand particles 
whose integrated mass is equal to the 
mass of the released material. Several 
particle sizes may be used if this i3 
required to adequately describe the mate
rial. To ascertain the pressure field 
resulting from sediment loading alone, 
the hydrostatic equation will be solved in 
the vertical by integrating from the bot
tom depth (which can be variable in the 
horizontal plane) to the free surface, ne
glecting salinity. The induced circulation 
and the resulting transport velocity for 
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each of the Lagrangian particles will be 
calculated. The transport velocity for 
each of the particles resulting from the 
regional flow field will also be specified. 
At this point the regional flow field is as
sumed to be known from field measure
ments, measurements in a physical model, 
estimates from a mass-consistent flow 
model adapted to aquatic systems, or from 
a regional hydrodynamic model. As was 
illustrated for the atmospheric case, the 
diffusive velocity of each Lagrangian par
ticle can be estimated from the concen
tration gradient and a diffusivity tensor 
reasonably prescribed in space and time. 
For each particle, these transport veloc
ities (induced circulation, regional flow 
field, and diffusive) will be summed 
vectdrially and a new position of each 
particle will be determined from the 
velocity vector and the calculational time 
step. If transformation or deposition 
should occur during the time step, mate
rial budgets will be modified at this point, 
and unit area deposition increments will 
be calculated and stored. The result of 
this sequence of operations is the estab
lishment of a new initial condition. The 
logical loop described above will then be 
repeated for numerous calculational time 
steps until either a density anomaly test 
is satisfied or the material is completely 
deposited. 

Sensitivity studies may include examin
ing the effects of 

• initial conditions such as the volume 
a. _ density of the spoils 

• uncertainties in the prescription of 
the diffusivity tensor in terms of the bulk 
dependent variables of the flow 

• selecting different stages of the tidal 

cycle for disposal or the most favorable 
time for disposal 

• selecting different locations as dis
posal sites. 

REGIONAL-SCALE MODELING 
OF SEDIMENT TRANSPORT 

In contrast to the small-scale transport 
discussed in the previous section, regional-
scale sediment transport depends on the 
general properties of the entire estuarine 
system. Consider a large estuary in 
which, because of the presence of tidal 
control, the mean flow through the system 
is generally small compared to the inte
grated mass flux. The system is hetero
geneous, varying from well mixed in the 
shallow area to stratified near river 
mouths that enter the estuary. The sedi
ment load has two principal natural com
ponents: one from the streams, particu
larly during periods of high flow, and a 
second from wind-generated aquatic turbu
lence operative especially in shallow areas. 
Within this estuarine system there may 
well be points of accumulation which re 
quire periodic dredging; understanding the 
sediment mass budget of such areas leads 
to the most effective engineering solutions. 
The degree to which the natural sediment 
sourcen contribute to these accumulation 
subregions is generally not known. 

The estuarine system has three gen
eral layers of flow: (1) an underlying 
saline layer of oceanic origin, (2) a fresh 
water layer extending from the river 
mouths, and (3) a wind driven upper layer. 
Internal pressure fields leading to three-
dimensional circulations ?"ise from salin
ity differences, from free surface anom
alies resulting from wind stress, and 
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Fig. 8. Schematic vertical section along an estuarine channel. 

from eddy transfers of momentum in 
shear flow. Figure 8 shows a schematic 
illustration of these zones at an early 
stage of flood tide. Note that stream-
borne sediment which is mixed down into 
the saline layer can be subjected to trans
port by the mixing-induced circulation in 
the saline water. While in this induced 
circulation, flocculation can occur lead
ing to deposition near the stagnation 
point (Fig. 8). This illustrates one type 
of accumulation point in an estuarine s y s 
tem; others exist conceptually without 
such strong dependence on three-
dimensional processes . 

The following procedure is proposed 
to simulate this system. For a given 
period of interest and for a specified 
estuarine system, it i s assumed that 
stream inflows, sediment burdens, tem
perature, tidal stage at entrance, surface 
wind stress , and bathimetry are known. 
In addition to the physical laws stated 
below, the sources of sediment resulting 

from aquatic turbulence, the horizontal 
and vertical eddy diffusivities as a func
tion of the bulk dependent variables of the 
flow, and criteria for the rates of floccu
lation and deposition must also be pre
scribed. The volume of the system can 
be suitably zoned into fixed Eulerian 
boxes whose shapes will be largely deter
mined by the bathimetry. The hydrody-
namic behavior of the system will be 
numerically simulated using the equations 
for conservation of momentum, mass, 
salinity, internal energy, and conserva
tion of one or more sediment types, along 
with a suitable equation of state wherein 
density is a function of temperature and 
salinity alone. These physical principles, 
when stated as partial differential equa
tions, can be transformed into ordinary 
differential equations by Stokes theorem, 
algebric manipulation, and volume inte
gration for the selected zoning. This has 
been done for the San Francisco Bay Area 
air pollution model. It is suggested that 
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the Laboratory-modified Gear Method, 
which has been used for atmospheric pol
lution problems, be applied to carry out 
the long-term integration of the resulting 
set of ordinary differential equations. 

When the feasibility of performing 
aquatic simulations for multiple tidal 
cycles has been demonstrated, specific 
applications of the regional sediment 
transport model could then be planned. 

Water quality properties are associated 
with definitive national environmental 
needs. Our study team has identified two 
strategic modeling tasks in regard to 
regional sediment transport. The 
Lawrence Livermore Laboratory, because 
of recently developed methods for treating 
analogous atmospheric problems, appears 
to be in a unique position to address these 
stated aquatic needs. It is anticipated that 
the need for full scale validation studies 

Validation may include 
• mapping a sediment tracer in a real 

system by means of a field sampling ex
periment and comparing the field measure
ments to the simulation 

• comparing the general features of 
calculated advective fluxes with those 
features derived from one of the Corps of 
Engineers' physical models (e.g. , the San 
Francisco Bay Physical Model). 

will emerge as our research evolves, and 
that the participation of several discipli
nary investigators or agencies may be 
desirable. It should be noted that the 
simulation of environmental pollution, by 
whatever method, is today strongly 
affected by the quality of available source 
term information and present knowledge 
of important physical and environmental 
processes; the numerical simulation of 
aquatic systems is no exception in this regard. 

Concluding Remarks 
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